1. Introduction {#sec1-materials-10-01428}
===============

The field of porous materials has been investigated for a very long time and is still very attractive to researchers in chemistry, physics, biology, and material sciences. In particular, zeolites and metal-organic frameworks (MOFs) are representative examples of microporous crystalline materials ([Scheme 1](#materials-10-01428-sch001){ref-type="scheme"}).

Zeolites are crystalline microporous metal oxide-based materials. The structures of zeolite consist of tetrahedral TO~4/2~ (T = Si, Al, Zn, P, Ga, Ge, B, Be, etc.) primary building units, where each oxygen atom is connected to two tetrahedral atoms. The first zeolite was discovered in 1756 by a mineralogist \[[@B1-materials-10-01428]\]. Later, in the 1940s, zeolites started to be investigated in academic research areas \[[@B2-materials-10-01428]\]. Zeolites are used for widespread applications in many fundamental industrial processes related to ion-exchange, catalysis, adsorption, and so on.

MOFs are organic--inorganic hybrid materials with periodic porous structures. The structures of MOFs consist of coordination bonds between metal ions and organic ligands \[[@B3-materials-10-01428]\]. Even though MOFs have long been known as a class of coordination compounds such as Prussian blue analogues \[[@B4-materials-10-01428]\], the number of reports on these dramatically increased after a demonstration of permanent porosity \[[@B5-materials-10-01428]\]. A designable porous structure of MOFs can be utilized for gas storage, separation, and transport-based applications \[[@B6-materials-10-01428],[@B7-materials-10-01428]\].

Researchers need to read tremendous numbers of papers to gain a "bird's eye" view of their research area. More than 67,000 and 23,000 research papers have been published as of March 2016 on zeolites and MOFs, respectively. In addition, these research areas are still expanding; over 5000 papers were published on zeolites and MOFs in 2015 (vide infra). Individual researchers need to perform "manual" classification of each article to review even a single research area, which is a time-consuming task. Reading reviews of research areas are very effective to understand whole trends of the research; however, common reviews are written by individual researchers and have to be subjective to their knowledge and interests. It can lead to a biased overview that misleads not only scientists but government agencies when they determine budgets for research. An objective landscape of whole research areas is difficult to obtain in these ways.

In principle, zeolites and MOFs are both classified as crystalline microporous materials. We hypothesized that the research approach for one area could be simply adopted in other similar research areas; the approach that has been used for zeolites could be applied to the research on MOFs, and vice versa. Bridging these two research areas has the potential to develop each area by applying the knowledge accumulated in these areas. This "knowledge"-based research requires a well-surveyed database that includes (1) what has been studied as research topics; (2) whether they are major research topics; and (3) what can be applied from one research area to another. Traditional approaches such as the manual reading of papers by individual researchers are not effective at bridging even similar areas.

In order to solve the aforementioned problems, bibliometrics is a powerful tool for obtaining an objective overview of scientific activities in a manner that individual cannot handle. Notably, citation network analysis of papers is being used effectively to identify emerging academic research clusters and analyze their characteristics without reading individual papers \[[@B8-materials-10-01428],[@B9-materials-10-01428],[@B10-materials-10-01428]\]. Researchers in bibliometrics have studied effective methodology to illustrate an overview of research fields and detect emerging research with text-based and citation-based methodologies. Citation-based clustering works better than a text-based one and can extract semantic coherent clusters \[[@B11-materials-10-01428]\]. There are three different methods to create a citation network, i.e., direct citation, co-citation, and bibliographic coupling. In the previous literature, a direct citation is shown to be best-suited to identify emerging clusters \[[@B12-materials-10-01428],[@B13-materials-10-01428]\]. Citation network analysis has been used for the classification of various research areas in subcategories \[[@B14-materials-10-01428],[@B15-materials-10-01428],[@B16-materials-10-01428],[@B17-materials-10-01428],[@B18-materials-10-01428],[@B19-materials-10-01428],[@B20-materials-10-01428]\]. It detects characteristics of subcategory such as the average publication years, number of publications, and country distribution in terms of publication numbers, which can be utilized for the evaluation of subcategories. For example, the average publication years and the number of publications in a classified cluster can detect which research area is fresh and not large, i.e., emerging research area. In addition, researchers generally tend to be surrounded by domestic information and focus on the hot topic in their country, which could be not important in main stream in the whole science communities. This can be avoided by the information about country distributions of publication number. Moreover, the information can be important objective data not only for scientists but also for government agencies to know the strength of their countries and determine the budget ratio for research area. This methodology is not limited to academic journals but can also be used for patent data \[[@B21-materials-10-01428]\]. This analytical technique is also useful for making comparisons between different research areas based on their characteristics \[[@B22-materials-10-01428]\]. Comprehensive analysis and comparisons can highlight unfocused topics, which have the potential to emerge in the future \[[@B23-materials-10-01428],[@B24-materials-10-01428],[@B25-materials-10-01428]\].

In this study, citation network analysis was applied for clustering the publications on zeolites and MOFs into groups that focused on specific research areas, which contribute to a comprehensive and objective understanding of each area. These clusters were also classified using four stages to evaluate the maturity of zeolites and MOFs. It is well-recognized that material research has some stages for the research topics \[[@B26-materials-10-01428],[@B27-materials-10-01428],[@B28-materials-10-01428]\]. These stages are defined as synthesis, property, process, and application (see [Scheme 2](#materials-10-01428-sch002){ref-type="scheme"}). First, a material study focuses on "synthesis", in which a new material is proposed. The research then moves to the "process" or "property" stage, which focuses on efficient methods to synthesize and investigate properties of a synthesized material, respectively. Finally, the research reaches the "application" stage, which applies a synthesized material for practical use. Although each stage is linked to the next or previous level, a research area that focuses on synthesis rarely examines applications at the same time, and vice versa. Moreover, trends of publications have been analyzed by focusing on which journals accept each research area. This would give us high impact areas of research to be focused on. Countries of institutes which perform each research in publications have been investigated to detect research preference of countries. This analysis will be important to be objective for whole research areas because researchers easily misunderstand research trends by surrounding domestic information. The objective data based on our methods should be beneficial to avoid misleading the landscape of research areas. Furthermore, we proposed several novel research areas that have not been given much attention based on the analyzed research areas. This approach can be a method to find future research areas by analyzing similar research areas using bibliometrics.

2. Data and Methods {#sec2-materials-10-01428}
===================

2.1. Data {#sec2dot1-materials-10-01428}
---------

We collected bibliographic data from academic publications on zeolites and MOFs. The academic papers, including the title, author, publication year, abstract, address, and references, were retrieved from the Science Citation Index Expanded (SCI-EXPANDED), compiled by the Thomson Reuters Institute for Scientific Information (ISI). We used the query "zeolit\*" to collect data on zeolites, which could include "zeolite\*" and "zeolitic\*". In the case of MOFs, we used a rather complex query to identify and recall relevant papers. The query was as follows: "metal-organic framework\*" or "porous coordination polymer\*" or "\*mof-\*" or "zeolitic imidazolate framework\*" or "zif-\*" or "mil-\*" or "covalent organic framework\*" or "cof-\*". The total number of publications on MOFs did not change by more than 100, even when one phrase was removed. It means that other additional terms hardly change the total number and the employed query is sufficient to analyze the whole MOF research area. Zeolitic imidazolate frameworks (ZIF) can be classified into both categories from these queries. It should be included in MOF research areas due to its definition, and therefore, manually removed in this analysis. Even though COFs and MOFs are different based on the classification for coordination compounds and organic compounds, the important property between them are similar in principle: porous materials and molecular components are tunable. Therefore, the research areas on COFs have been analyzed as a part of MOFs. Data collection was carried out in March 2016.

2.2. Methods {#sec2dot2-materials-10-01428}
------------

Our analytical procedure is schematically shown in [Scheme 3](#materials-10-01428-sch003){ref-type="scheme"}. In step (a), the data from academic papers were downloaded. In step (b), we constructed citation networks by treating the papers as nodes and the citations as links. According to a previous study, intercitation, which is also known as direct citation, is the best-demonstrated approach for detecting emerging trends \[[@B13-materials-10-01428]\]. In the network analysis, only the data for the largest graph component were used; we eliminated data not linked to any other papers in step (c). After extracting the largest connected component, in step (d), the network was divided into clusters using the topological clustering method of Newman's algorithm, which extracts tightly knit groups of nodes \[[@B29-materials-10-01428],[@B30-materials-10-01428],[@B31-materials-10-01428]\]. Newman's algorithm employs the following equation: $$\mathit{Q} = \sum\limits_{s = 1}^{M}\left\lbrack {\frac{l_{s}}{l} - \left( \frac{d}{2l} \right)^{2}} \right\rbrack$$ where *Q* is the independence of the module, *M* is the number of clusters, *s* is the given cluster, *l* is the number of links in the whole network, *l~s~* is the number of links between both nodes within cluster *s*, and *d~s~* is the sum of the links of the nodes in cluster *s*. Equation (1) means the sum of "the probability that reference links exists within the cluster *s*, subtracted by the probability of random link". In Newman's algorithm, the clusters are divided into subgroups to maximize *Q*. Starting with a state in which each node is the only member in one of the *M* clusters, we repeatedly join clusters together in pairs by choosing at each step the join that results in the largest increase in *Q*. During the iteration, *Q* gradually increases and after reaching the maximum point, it rapidly decreases \[[@B32-materials-10-01428]\]. To obtain the maximum *Q*, we stopped the iterations when the change of *Q* becomes negative. These procedures are inclined to create clusters based on well-cited publication. This algorithm identifies well-separated clusters in the research area. These four steps were applied to whole publication data (more than 67,000 and 23,000 papers for zeolites and MOFs, respectively). Finally, in step (e), all the cluster was examined and compared by two experts with PhDs in the research area of zeolites (K.I.) or MOFs (T.F.). The research topic in a cluster was classified by the experts. The classification into four groups ([Scheme 2](#materials-10-01428-sch002){ref-type="scheme"}) was also performed by the experts. We showed objective data in the Results section and discussed in Discussion section to extract some insights from the data.

High impact research areas were examined using a high impact journal (HIJ) index of a cluster related to the impact factor of the journal published as of March 2016. Contrary to citation network analysis, where well-cited papers are important, impact factor is also important because some influential papers are not cited for many times if the number of researchers in the field is small whereas the clustering process was based on citation network, which means a well-cited paper is important. HIJ should be suitable to detect high impact areas irrelevant to the number of researchers. We focused on HIJs (Nature, Nature Chemistry, Nature Materials, Science, Proceedings of National Academy of Sciences of the United States of America, Journal of the American Chemical Society, Angewandte Chemie International Edition, Chemical Science, Energy Environmental Science, Advanced Materials, and Chemical Communications) (see [Supplementary Materials](#app1-materials-10-01428){ref-type="app"} for total number of publication). The index was calculated according to Equation (2), using the impact factors of March 2016 for each domain for zeolites and MOFs. Following equation means that averaged value of impact factor of research areas. $$High~impact~journal~index~of~a~cluster = ~\frac{\sum^{}n_{ij} \times IF_{j}}{n_{total}}$$ where *IF~j~*, *i, n~i,j~*, and *n~total~* are the impact factors of journals in 2016, a cluster, the number of publications of journal *j* in cluster *i*, and the number of total publications in each area (MOFs or zeolites) respectively (see SI for further information).

3. Results {#sec3-materials-10-01428}
==========

Citation network analysis was applied for zeolites and MOFs. We obtained an overview by focusing on the research area, publication year, and publication country.

3.1. Number of Publications on Zeolites and MOFs {#sec3dot1-materials-10-01428}
------------------------------------------------

First, we investigated the total number of publications on zeolites and MOFs for given years, as shown in [Figure 1](#materials-10-01428-f001){ref-type="fig"}. The growth of zeolite publications could be divided into three stages: (i) 1950--1970; (ii) 1970--2000; and (iii) 2000 to the present. The growth of zeolite research is becoming slower: the number of annual reports doubled in (i) 2.6 years; (ii) 7 years; and (iii) 17.8 years. The growth of MOFs publications could be fitted in single exponential fashion, with the number of reports doubling every 2.3 years for MOFs. These large numbers of reports, 67,000 and 23,000 papers for zeolites and MOFs, respectively, and their rates of increase justify the importance of the overview based on bibliometrics in this report with respect to each aspect, as discussed later.

3.2. Populations and Representative Researchers in Research Countries {#sec3dot2-materials-10-01428}
---------------------------------------------------------------------

The research countries are different for zeolites and MOFs, as shown in [Figure 2](#materials-10-01428-f002){ref-type="fig"} and [Figure 3](#materials-10-01428-f003){ref-type="fig"}. Zeolites have been studied the most in the US and China, with distributed studies in the European region. On the other hand, MOFs have mostly been studied in China and the US, which occupy 50% of the total research area. Research areas are heavily dependent on the researchers in given countries, as discussed later.

3.3. Research Area Population {#sec3dot3-materials-10-01428}
-----------------------------

### 3.3.1. Research Area Population for Zeolites {#sec3dot3dot1-materials-10-01428}

The population of research categories for zeolites is shown in [Figure 4](#materials-10-01428-f004){ref-type="fig"}. These include the following: (1) catalysis (\~17,000 papers, 26%); (2) structural analysis (\~8000 papers, 13%); (3) adsorption (\~7000 papers, 11%); (4) ion-exchange (\~5000 papers, 8%); (5) physical properties (\~5000 papers, 7%); (6) synthesis (\~5000 papers, 7%); (7) film and membrane (\~3000 papers, 5%); (8) support for metal clusters (\~2000 papers, 3%); and (9) nanocrystals and hierarchical porosities (\~1500 papers, 2%).

We will briefly explain these research areas and the major subcategories. Category (1) catalysis includes many types of catalytic applications using zeolites, such as cracking, reduction--oxidation (redox), and isomerization. Both zeolite framework metals and extra-framework metal cations are studied and used as active sites \[[@B33-materials-10-01428],[@B34-materials-10-01428]\]. Category (2) structural analysis includes characterizations of zeolites using spectroscopies and microscopes \[[@B35-materials-10-01428]\]. Two large subcategories in (3) adsorption are diffusion studies of various molecules through zeolitic micropores \[[@B36-materials-10-01428],[@B37-materials-10-01428]\] and the removal of toxic volatile organic compounds \[[@B38-materials-10-01428]\]. Category (4) ion-exchange includes the cation exchange properties of zeolites and locations of exchanged cations \[[@B39-materials-10-01428]\]. Category (5), physical properties, considers the optical, electrical, and other properties of zeolites and guests encapsulated in the pores \[[@B40-materials-10-01428]\]. Category (6) synthesis mainly considers how zeolites are synthesized using hydrothermal treatments. Other methods for efficient synthesis and the synthesis of new structures are also reported \[[@B41-materials-10-01428],[@B42-materials-10-01428]\]. Category (7), the film and membrane category, considers how zeolite films and membranes are fabricated for separating small molecules such as water/ethanol \[[@B43-materials-10-01428],[@B44-materials-10-01428]\]. Zeolites can also be used as supports for metal clusters, as categorized in category (8), clusters and supports for catalysis \[[@B45-materials-10-01428]\]. Category (9), the nanocrystal and hierarchical structure category considers the synthesis of zeolites with small crystal sizes and/or larger pores (called mesopores and macropores) in addition to micropores \[[@B46-materials-10-01428]\].

### 3.3.2. Research Area Population for MOFs {#sec3dot3dot2-materials-10-01428}

In the cluster analysis, we analyzed the population of research categories for MOFs, as shown in [Figure 5](#materials-10-01428-f005){ref-type="fig"}. These include (1) the syntheses of new MOFs and their crystallography (\~8600 papers, 37%); (2) properties that are related to gas adsorption (\~5000 papers, 22%); (3) physicochemical properties (\~2500 papers, 11%); (4) catalysis (\~1700 papers, 8%); (5) field for specific frameworks (\~1500 papers, 7%); (6) MOF films and nanoparticles (\~1100 papers, 5%); (7) thermolysis (400 papers, 2%); (8) microwave and ionothermal syntheses (\~360 papers, 1%); (9) bioapplications (\~300 papers, 1%); and (10) postsynthesis and metal/ligand exchange(\~200 papers 1%).

Briefly, we will explain the major subcategories for each research area. Category (1), the synthesis of new MOFs, includes a variety of materials with new structures composed of different building units, along with the topology of materials \[[@B47-materials-10-01428]\]. Most of these were fundamental synthetic studies involving hydrothermal reaction, X-ray structural analysis, and porosity analysis. These papers focused, not on the material properties, but on new structures and their crystallographic topologies \[[@B48-materials-10-01428]\]. In category (2), properties related to gas adsorption, the studies targeted the separation of similar gases, energy storage, and understanding and designing the adsorption behavior \[[@B49-materials-10-01428]\]. Category (3), physical properties, includes studies on luminescence \[[@B50-materials-10-01428],[@B51-materials-10-01428]\], magnetism \[[@B52-materials-10-01428]\], electron conductivities \[[@B53-materials-10-01428]\], and ion conductivities \[[@B54-materials-10-01428]\]. In most of the case, these functionalities can be facilitated from molecular components in MOFs. In category (4), catalysis, most of catalytic reactions are achieved by open metal sites \[[@B55-materials-10-01428]\] or chiral organic ligands \[[@B56-materials-10-01428]\]. Reactions of small organic molecules are the primary focus of these studies. Category (5), specific frameworks, includes in-depth studies of the famous structure with robust stability, along with tunability in systematic studies \[[@B57-materials-10-01428]\]. In category (6), the film and nanoparticles, there are numerous studies on nanocrystal and membrane fabrication \[[@B58-materials-10-01428]\]. In category (7), thermolysis, studies show how MOFs can be thermochemically converted to carbon-based materials or metal- and metal oxide-based materials \[[@B59-materials-10-01428]\]. In category (8), microwave and ionothermal synthesis, a synthetic method is adopted instead of hydrothermal synthesis, by which the rapid synthesis of new frameworks is possible \[[@B60-materials-10-01428]\]. In category (9), bioapplications, MOFs are used for drug delivery or cell cultivation \[[@B61-materials-10-01428]\]. In category (10), post synthesis metal/ligand exchange, new frameworks or compositions are studied \[[@B62-materials-10-01428]\].

3.4. Classification of Current Research Domain for Zeolites and MOFs {#sec3dot4-materials-10-01428}
--------------------------------------------------------------------

We next classify the research domain using the four stages defined in [Scheme 2](#materials-10-01428-sch002){ref-type="scheme"}. [Figure 6](#materials-10-01428-f006){ref-type="fig"} summarizes the percentages and representative large domains for zeolites and MOFs. The research area for zeolites has been focused on "properties" and "applications", whereas that for MOFs has been focused on "synthesis" and "applications".

### 3.4.1. Synthesis {#sec3dot4dot1-materials-10-01428}

The synthesis stage proposes new type or new derivatives of MOF and zeolites.

#### Synthesis of Zeolites

Even though these materials are related, the approaches for synthesis were significantly different. In the case of zeolites, around 200 framework types of zeolites have been synthesized and reported \[[@B63-materials-10-01428]\]. Primarily, zeolites have been synthesized using hydrothermal methods, by which zeolite syntheses are carried out at high temperature under high pressure. The lower number of framework structures of zeolites is due to the low number of building units and mystery in the self-assembly processes of zeolites. In general, the synthesis of new framework structures is difficult to achieve. Therefore, other methods to control pore characteristics such as cation exchange and nanosheet fabrication have been developed \[[@B64-materials-10-01428]\]. Cation exchange is relatively easy and useful because an inorganic framework can be still stable during cation exchange. Morphology control is another research direction for zeolites. Nanoparticles, nanosheets, and other hierarchical pore structures are known to increase the effective surface area of zeolites and improve molecular diffusion for the catalysis. Controlling zeolite morphology is also related to processing, which will be discussed later.

#### Synthesis of MOFs

The synthesis of new MOFs is widely studied because of the variety in combinations of metal ions and bridging ligands. The coordination geometry around metal ions and connectivity through organic ligands play important roles in their crystal structure and porosity. These structures are important with regard to the surface area \[[@B65-materials-10-01428]\]. Likewise, the incorporation of functional building units basically allows their molecular functionality to be adopted by porous materials, as represented by chiral catalysis \[[@B66-materials-10-01428]\]. Most of these are synthesized using hydrothermal methods, along with microwave or ionothermal synthetic methods \[[@B67-materials-10-01428]\]. These frameworks are studied not only due to their properties or functions but due to their interest for topological structures, which are not found in inorganic salts or molecular crystals \[[@B68-materials-10-01428]\]. The complexity of their topological structure is also of interest to physicists in relation to the design of physical properties.

### 3.4.2. Process {#sec3dot4dot2-materials-10-01428}

The process stage focuses on efficient methods to synthesize in terms of cost, time and number of steps for synthesis.

#### Process of Zeolites

Processing in zeolite synthesis mainly includes two topics: (1) synthesizing zeolites from low-cost starting materials and (2) controlling zeolite morphologies. The starting materials for zeolites are relatively cheap, with a cost of approximately \$200 to produce 1 kg of typical zeolite Y (see [Supplementary Materials](#app1-materials-10-01428){ref-type="app"} for the detailed calculation). For SiO~2~, using industrial wastes such as coal fly ash and asbestos has been well studied. The most expensive materials are template-like organic molecules called organic structure-directing agents (OSDAs). Recycling OSDAs \[[@B69-materials-10-01428]\] and the OSDA-free synthesis \[[@B70-materials-10-01428]\] of zeolites have been hot topics in recent years. The fabrication of zeolite membranes and films has been studied and industrially utilized \[[@B44-materials-10-01428]\]. The preparation of nanocrystals, nanosheets, and zeolites with hierarchical porosities has been reported using both top-down and bottom-up approaches \[[@B71-materials-10-01428]\].

#### Process of MOFs

Processing of MOFs is a minor topic in this research area. The chemicals needed for syntheses, such as organic ligands and solvents, are more expensive than the building blocks for zeolites. In case of MOF-5, which could be the most famous class of MOFs, this cost is more than \$14,000 to produce 1 kg (see [Supplementary Materials](#app1-materials-10-01428){ref-type="app"} for the detailed calculation). This is because of the requirement for expensive organic solvents such as DMF and chloroform. Industrial researchers are still investigating the processing strategy. BASF started the electrolysis of Cu for the synthesis of HKUST-1 \[Cu~3~(btc)~2~\]*~n~* (btc = 1,3,5-benzenetricarboxylate) \[[@B72-materials-10-01428]\], and some researchers have started to use organic waste such as PET bottles as a route for MOF syntheses. \[[@B73-materials-10-01428]\] Solid-state synthesis can also be used as a green chemistry route \[[@B74-materials-10-01428]\]. However, organic ligands are still expensive from the chemical engineering point of view. These synthetic methods are also useful for the preparation of MOF films.

### 3.4.3. Properties {#sec3dot4dot3-materials-10-01428}

The properties stage focuses on investigation of properties of synthesized materials.

#### Properties of Zeolites

One of the most important properties of zeolites is their acidity. Zeolites have Brønsted acidic proton sites as counterparts to anionic frameworks, which can be introduced by the isomorphous substitution of Si(IV) by Al(III) atoms in the TO~4/2~ (T = Si, Al) tetrahedral. These acidic sites are characterized using NH~3~ temperature programmed desorption \[[@B75-materials-10-01428]\] and solid-state nuclear magnetic resonance \[[@B76-materials-10-01428]\]. The Lewis acidity of zeolites induced by the isomorphous substitution of other metals such as Ti (IV) and Sn (IV) has recently been studied as well \[[@B77-materials-10-01428]\]. The thermal and hydrothermal stabilities of zeolites are well studied and depend on the structure types, framework compositions, and extra-framework cations.

#### Properties of MOFs

Adsorptive properties are tunable in terms of pore functionalization. MOF-74 \[M~2~(dobdc)\]*~n~* (dobdc = 2,5-dioxido-1,4-benzenedicarboxylate) can be synthesized with a variety of metal centers such as Zn^2+^, Ni^2+^, Mn^2+^, Co^2+^, and Fe^2+^. The H~2~ adsorption heat is also tunable \[[@B78-materials-10-01428]\]. These tunabilities in relation to the adsorption energy are particularly important for gas separation based on interactions \[[@B79-materials-10-01428]\]. The flexibility of the framework is specific for MOFs and has been shown as unique porous properties \[[@B80-materials-10-01428]\]. This is because such porous materials change their structures in response to guest adsorption, making these materials useful for some applications.

The properties of MOFs are versatile for various physicochemical applications. For example, cyano-based MOFs have been studied as porous magnets and guest-induced spin crossover behavior \[[@B81-materials-10-01428]\]. Multiferroic behavior was also observed for the perovskite type architecture \[[@B82-materials-10-01428]\]. Proton conductivities have been extensively studied by introducing proton carriers to pores \[[@B83-materials-10-01428],[@B84-materials-10-01428]\]. Luminescent MOFs have been studied because of their excitation stability with the pore structure \[[@B50-materials-10-01428],[@B51-materials-10-01428]\]. Semiconductor MOFs have recently been studied \[[@B85-materials-10-01428]\] and are expected to be used for applications that include electrocatalysis, photovoltaics, and solar cells.

MOFs are not generally thermally stable and calcined to carbon-based materials or metal oxide-based materials \[[@B86-materials-10-01428],[@B87-materials-10-01428]\]. Pyrolysis can be used for the preparation of high-surface-area carbon materials, and aerobic oxidation is actually used for the preparation of metals or metal-oxide based materials. These are used for batteries and catalysis. Needless to mention, molecularly well-defined crystalline materials are transformed into disordered materials during pyrolysis, and it is difficult to understand the structure--property relationships.

### 3.4.4. Applications {#sec3dot4dot4-materials-10-01428}

The applications stage focuses on the applications of a synthesized material for practical use.

#### Applications of Zeolites

Catalytic applications are more ideal for zeolites because of the use of robust frameworks and their acidic sites compared with MOFs. Common catalytic reactions utilize solid acid catalysts over zeolites. Acidic sites provide various organic reactivity such as cracking and isomerization \[[@B88-materials-10-01428]\]. Tons of zeolites have been used for the fluid catalytic cracking of heavy oils. Redox active sites are introduced using metal site substitutes such as Ti and Sn. The redox activity can be used for epoxidation, Baeyer--Villiger oxidation, and so on \[[@B89-materials-10-01428]\]. Extra-framework cations such as Cu^2+^ and encapsulated clusters such as Pt clusters can also be catalytic reaction sites. For example, the selective catalytic reduction of NO~x~ by Cu^2+^ has attracted attention for automotive uses. With respect to catalysis using zeolites, the rate-limiting step for the catalysis is sometimes diffusion-limited. Therefore, the nanostructuring of zeolites as hierarchical or sheet structures has been studied to improve the diffusion limitation \[[@B46-materials-10-01428]\].

#### Applications of MOFs

Gas adsorption applications as portable storage are more suitable for MOFs because of the light composition of formula weights. Hydrogen and methane gases are the general targets for gas storage as a demonstration of energy transport \[[@B90-materials-10-01428],[@B91-materials-10-01428]\]. Because of their high surface area and strong interaction with guest molecules, they already exceed the theoretical limits for zeolites and carbon-based materials. Gas separation applications have also been studied. Syn-gas can be contaminated with CO~2~. Therefore, CO~2~/CH~4~ or C~2~H~6~/CH~4~ separation has been studied \[[@B92-materials-10-01428]\].

4. Discussion {#sec4-materials-10-01428}
=============

4.1. "Well-Cited" Research Areas from Citation Network Analysis {#sec4dot1-materials-10-01428}
---------------------------------------------------------------

We examined high impact areas of research by analyzing what types of research areas are acceptable to high-impact journals (HIJs) on average. First, HIJ indexes were calculated for the total publications on zeolites and MOFs by multiplying the impact factor by the number of publications and dividing by the total number of publications (see Equation (2) in methods and SI). In this analysis, the research areas for zeolites and MOFs were classified twice according to equation (1): each research area was clustered into subcategory A, B, C, etc. After being clustered, the category was segmented again into A-1, A-2, A-3, and so on in the same way. Zeolite A, B, C, D, and E represent cation exchange, basic characterization, catalysis, physical properties, and methane aromatization, respectively. On the other hand, MOF A, B, and C represent synthesis, gas adsorption, and new research directions, respectively. The HIJ index for whole MOF research areas was almost three-times that for zeolite research areas (HIJ index ~MOF~ = 1.5 and HIJ index ~zeolite~ = 0.60). The HIJ indexes and keywords for each cluster of zeolites and MOFs are listed in [Table 1](#materials-10-01428-t001){ref-type="table"} and [Table 2](#materials-10-01428-t002){ref-type="table"}, respectively.

In the case of zeolites, papers on the fundamental characterization of the acidity and reaction mechanism were published by low impact factor journals as defined by the rest of the journals except for high impact journals. On the other hand, nanosheet fabrication, biomass production, and photo/electrocatalysts have been highlighted in HIJs. This is understandable from the viewpoint of applications. Zeolites are generally useful for catalysis, and more advanced research domains are highlighted.

In the case of MOFs, research articles on the random synthesis of new structures have been accepted by journals with relatively low impact factor. There are numerous papers on synthesis that is why these studies are rarely found in HIJs. On the other hand, papers on COFs and battery-related research for MOFs are accepted by HIJs. We think that this is related to the interest in energy technologies and, in the case of COFs, the interest shown by researchers in the fields of physical organic chemistry and polymer science. In both cases, papers on interdisciplinary science are accepted by HIJs.

4.2. Research Area Preferences by Country {#sec4dot2-materials-10-01428}
-----------------------------------------

We also examined preferred research areas of representative countries ([Figure 7](#materials-10-01428-f007){ref-type="fig"} and [Figure 8](#materials-10-01428-f008){ref-type="fig"}). China, USA, Japan, and Germany were selected in this case because 43% of publications for zeolites and 74% of publications for MOFs were published in these countries, as shown in [Figure 2](#materials-10-01428-f002){ref-type="fig"} and [Figure 3](#materials-10-01428-f003){ref-type="fig"}. Interestingly, the research area largely depends on the country for both zeolites and MOFs.

In the case of zeolites, researchers in Germany develop zeolite-A-2 (membrane reactor). Chinese researchers mainly focus on nanosheet-based catalysis. USA researchers and Japanese researchers have advantages on cation exchange and the basic spectroscopic characterization of zeolites, respectively.

On the other hand, the research area heavily depends on the country for MOFs. Over 60% of Chinese researchers in this field studied the synthesis of MOFs. USA researchers mainly studied gas storage. German researchers studied catalysis, semiconductors, and films. Japanese researchers focused on the synthesis of MOFs and battery-based applications.

4.3. Why Are These Materials Suitable for the Current Research Area? {#sec4dot3-materials-10-01428}
--------------------------------------------------------------------

Currently, zeolites and MOFs are used for different applications. Considering the structure--property correlation is helpful to understand the current situation. Zeolites are robust due to the inorganic-based structures, and are therefore useful for the harsh conditions. Micropores of zeolites are usually smaller than 0.7 nm, which is suitable for molecular sieving. Moreover, isolated metal atoms incorporated into the silicate frameworks and/or cations introduced via ion-exchange show characteristic properties. On the other hand, MOFs are useful due to the designable structure, therefore, fundamental studies are currently ongoing based on X-ray crystallography and local modification of structure which can be used for minor modification for improvement of material properties. Future applications will be developed based on the discovery of useful materials and their processing with low synthetic costs.

Zeolites are mainly used for catalysis, adsorption, and ion-exchange. For example, cracking reactions have been used since the 1960s. In addition, on the laboratory scale, molecular sieves are used for solvent dehydration. The cation-exchange properties are suitable for detergent builders. Zeolites are also recently used for selective catalytic reduction of NOx in automotives, where zeolites are exposed to high temperature steaming conditions.

Regarding MOFs, (1) new structures; (2) gas adsorption; and (3) physical properties are extensively studied. Because of the various combinations of metal ions and bridging ligands, there is no synthetic limit on obtaining MOFs with new structures. In addition, their pore interactions and pore sizes are designable, which has prompted much research on gas adsorption. Their applications are not only limited for the porous properties but also applied for designer molecular solids. Some researchers started to use MOFs for mechanical stability, and as conducting materials.

4.4. Research Domain Having Potentials to Be Developed in the Future {#sec4dot4-materials-10-01428}
--------------------------------------------------------------------

This section discusses research clusters, which have been intensely studied in zeolites and MOFs, but are not the focus of other community. These research areas could potentially be developed in the future. Basically, the research areas classified as "application" in the zeolite area, such as harsh catalytic reactions, have not been examined in the MOF area. Similarly, the application areas for MOFs are seldom investigated in contrast to zeolites. This tendency seems to reflect the longer research history for zeolites compared to MOFs, with many studies in the "application" stage. Referring to the future applications of zeolites will be beneficial for MOFs. Here, we propose possible research areas for zeolites and MOFs, as listed in [Table 3](#materials-10-01428-t003){ref-type="table"}.

### 4.4.1. From Zeolites to MOFs {#sec4dot4dot1-materials-10-01428}

First, well-studied research topics of zeolites, which have not been investigated as much in relation to MOFs, are listed as follows: membrane reactors; cation exchange, including radioactive decontamination and soil improvement use in agriculture; edible materials; the synthesis of zeolite nanosheets; and topotactic conversion methods.

A membrane reactor is used for integrating catalytic reactions and separation processes (for example, xylene isomerization and *p*-xylene separation). Robust film preparation can be a primitive step for a membrane reactor. Zeolite films can be prepared using the secondary growth of deposited seed crystals. This research area is still small for zeolites, and it is hardly found for MOFs.

The cation exchange property is utilized in radioactive decontamination and soil improvement in zeolite research. Zeolites have metal oxide-based frameworks with exchangeable sites for cations. Cation exchange is one of the fascinating characteristics of zeolites. In MOF research, a few publications are found for the topic in ability to catch radioactive iodine, and no researcher has examined an application as a soil conditioner in agriculture. Compared with zeolites, cation exchange is generally more difficult because of the instability of MOFs. Cation exchanges have been reported for unstable frameworks such as MOF-5: \[Zn~4~O(bdc)~3~\]*~n~* (bdc = 1,4-benzenedicarboxylate) \[[@B93-materials-10-01428]\], and these studies will open up opportunities for single site catalysis.

Some zeolites are edible, and are harmless to animals. Edible MOFs have rarely been investigated by synthesizing MOFs from natural products \[[@B94-materials-10-01428]\]. Zeolite nanosheets with a single unit cell thickness (\~2 nm) can be prepared using designed OSDAs. The bottom-up fabrication of zeolites from known layered silicates has been established through topotactic conversion. The top-down fabrication of layers using zeolites and reassembly processes has also been studied for germanosilicate zeolites and is known as the assembly-disassembly-organization-reassembly route.

As previously discussed, zeolites have a much longer research history and more topics focusing on applications in industry than MOFs. This difference results in the transfer of nine topics from zeolites to MOFs. All nine topics are related to actual applications.

### 4.4.2. From MOFs to Zeolites {#sec4dot4dot2-materials-10-01428}

Physicochemical properties such as magnetism and the electronic conductivity of MOFs are also attractive aspects for the zeolites as well. Zeolites are metal oxide-based materials. Thus, they can exhibit certain physicochemical properties. Redox activity or work function tuning can be achieved using transition metal centers for tetrahedral sites. Even though the ligand field splitting for a tetrahedral site is large, an appropriate choice of metal ions can introduce sufficient super-exchange interaction through the oxides.

A flexible structural change in the framework is also potentially applicable to zeolites. In the case of MOFs, the framework structure is deformable through coordination bonds. This is applicable to zeolites by introducing deformable bonding or Jahn--Teller type distortion in the bonding. This holds promise for applications in guest-responsive sensors and catalysis.

As previously shown, MOFs have a much shorter research history and more topics focusing on synthesis and properties than zeolites. Zeolite research has been basically focused on catalysis and the cation exchange properties. Thus, other insights can contribute to further development of applications.

5. Conclusions {#sec5-materials-10-01428}
==============

The research area of zeolites has been application-oriented compared with that on MOFs because of their solid acid and ion-exchange properties with robust frameworks. Designable zeolite synthesis based on the physical properties and framework structures will be a future challenge. On the other hand, research areas of MOFs are still being developed. Their structural designability leads to the control of physicochemical properties. Structural robustness of MOFs will be required for the future development of industrial applications and processes. At present, more applications can be found for zeolites than for MOFs.

The demonstrated methodology is not narrowly limited to the comparative review of zeolites and MOFs but is applicable to other comparative research areas. The demonstrated methodology enables (1) the rapid screening of related research areas; (2) classification of research stages in a domain; (3) investigation of the impact of a given research domain; (4) determination of the research area preferences of given countries and (5) proposing research area from zeolites to MOFs and vice versa. Moreover, the bibliometrics approach allows researchers to brainstorm and generate ideas on emerging research domains. Structured and objective knowledge makes it possible to get an overview of research domains, identify emerging domains, extract inter-domains, predict core-domains, and recommend future actions based on a meta-analysis of the research area.
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###### 

High impact areas of research for zeolites.

  Cluster   Publication Number   Average Year   HIJ Index   Keywords
  --------- -------------------- -------------- ----------- --------------------------------------------------
  A-1       13732                2003.5         0.71        Cation exchange
  A-2       7000                 2003.7         0.69        Film membrane
  A-3       632                  2006.7         1.05        Hierarchical pore, VOC removal
  B-1       23381                2000.6         0.35        Characterization for acid sites
  B-2       6789                 2000.1         0.33        Reactions using extra-framework cations
  B-3       6466                 2000.1         0.23        Reactions using zeolite-supported metal clusters
  B-4       1558                 1992           0.17        Other reactions
  C-1       3548                 2008.4         0.88        Nanosheets, catalysis
  C-2       3445                 2002.7         1.12        Electron transfer, photo catalyst
  C-3       2311                 2004.2         0.18        Acid catalysis
  C-4       1517                 2005.9         0.56        TiO~2~-based photo catalysis
  D         1250                 1988.8         0.049       Physical properties
  E         1096                 2004.8         0.12        Methane aromatization
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###### 

High impact areas of research for MOFs.

  Cluster   Publication Number   Average Year   HIJ Index   Keywords
  --------- -------------------- -------------- ----------- ---------------------------------------
  A-1       4156                 2011.4         0.42        Synthesis and new structure
  A-2       3509                 2012.3         1.17        Synthesis and new structure
  A-3       2999                 2009.6         1.07        Synthesis and new structure
  B-1       4439                 2013.2         2.36        Catalysis, semiconductor, film
  B-2       4398                 2012.3         2.12        Gas adsorption
  B-3       419                  2012.4         2.41        Energy storage related gas adsorption
  C-1       698                  2012.9         3.66        COF
  C-2       694                  2013.5         3.64        Battery, proton conductivity
  C-3       685                  2013.7         2.09        Thermolysis, magnetism
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###### 

Proposed research areas for zeolites and MOFs.

  Zeolites to MOFs                                                  MOFs to Zeolites
  ----------------------------------------------------------------- ----------------------------------
  Membrane reactor                                                  Basic physicochemical properties
  Cation exchange (radioactive decontamination, soil improvement)   Flexible structure
  Edible materials                                                  
  Nanosheets, topotactic conversion                                 
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